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Abstract.
Background: A genome-wide association study (GWAS) variant associated with Parkinson’s disease (PD) risk in Asians,
rs9638616, was recently reported, and maps to WBSCR17/GALNT17, which is involved in synaptic transmission and neurite
development.
Objective: To test the association of the rs9638616 T allele with imaging-derived measures of brain microstructure and
function.
Methods: We analyzed 3-Tesla MRI and genotyping data from 116 early PD patients (aged 66.8 ± 9.0 years; 39% female;
disease duration 1.25 ± 0.71 years) and 57 controls (aged 68.7 ± 7.4 years; 54% female), of Chinese ethnicity. We performed
voxelwise analyses for imaging-genetic association of rs9638616 T allele with white matter tract fractional anisotropy (FA),
grey matter volume and resting-state network functional connectivity.
Results: The rs9638616 T allele was associated with widespread lower white matter FA (t = –1.75, p = 0.042) and lower func-
tional connectivity of the supplementary motor area (SMA) (t = –5.05, p = 0.001), in both PD and control groups. Interaction
analysis comparing the association of rs9638616 and FA between PD and controls was non-significant. These imaging-
derived phenotypes mediated the association of rs9638616 to digit span (indirect effect: � = –0.21 [–0.42,–0.05], p = 0.031)
and motor severity (indirect effect: � = 0.15 [0.04,0.26], p = 0.045).
Conclusions: We have shown that a novel GWAS variant which is biologically linked to synaptic transmission is associated
with white matter tract and functional connectivity dysfunction in the SMA, supported by changes in clinical motor scores.
This provides pathophysiologic clues linking rs9638616 to PD risk and might contribute to future risk stratification models.
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INTRODUCTION

While 5–10% of Parkinson’s disease (PD) cases are
inherited monogenic forms with identified causative
genes, the majority of PD cases are idiopathic and are,
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instead, related to smaller risk contributions from a
growing list of genetic variants [1]. There is a need
to understand the brain changes associated with these
genetic risk contributors [2], and to identify imaging
biomarkers that may aid in PD risk stratification. This
should be done in a race-specific context to align with
personalized medicine approaches in PD [3], and to
advance knowledge about under-represented PD pop-
ulations, such as the Asian PD population, which is
soon to be the largest worldwide [4].
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We recently reported a multicenter genome-
wide association studies (GWAS) of East-Asian
PD (n = 31,575) in which two novel PD risk loci
were identified [5]. One of which, the rs9638616
intronic variant, maps to the WBSCR17 gene (also
known as GALNT17). WBSCR17/GALNT17 is
highly expressed in cerebral and cerebellar brain
tissue and is linked to synaptic transmission, neu-
rite development and membrane trafficking [5].
rs9638616 may exert an intronic regulatory effect on
WBSCR17/GALNT17, impairing neuronal develop-
ment [6, 7]. Indeed, WBSCR17/GALNT17 knockout
mice exhibit cerebellar pathology and general disrup-
tion of neuronal differentiation, axonal pathfinding
and synaptic signaling pathways [8].

Such neurodegenerative changes may manifest
in brain imaging. Fractional anisotropy (FA) is a
sensitive but non-specific measure of white matter
tract integrity which has been widely applied. FA is
decreased in people with PD [9], including in early
disease progression [10–13]. Secondly, connectivity
of functional MRI (fMRI) networks has been stud-
ied extensively in PD, showing reorganization along
the disease course [14], correlation with non-motor
symptoms in early PD [14, 15], and relation to PD
genetic markers [16–18]. Third, cortical grey matter
volume is reduced beginning in the early stages of
PD, in particular in those with cognitive impairment
[19, 20], and is also related to PD genetic markers
[21, 22].

Imaging-genetic studies of PD have analyzed indi-
vidual candidate genes and single-nucleotide variants
(SNVs) in sample sizes in the range of tens to hun-
dreds [16–18, 21–27], finding varied associations to
brain structure and function. Indeed, despite brain
microstructure and function undergoing a complex
regulation, these studies show that multiple differ-
ent SNVs are individually penetrant for MRI-derived
brain phenotypes [16–18, 21–27]. However, no study
has evaluated rs9638616, no study has assessed a
range of voxelwise measures of tract microstruc-
ture, functional connectivity or cortical morphology
together in a candidate-SNV approach, and no study
has investigated whether brain changes mediate the
relationship between genotype and PD-associated
symptoms, which could provide causal evidence for
a pathophysiological mechanism [28].

If rs9638616 risk variant carriers are more likely
to have certain imaging phenotypes than non-carriers,
this information could be used for improved stratifi-
cation and identification of at-risk individuals. This
should take into account racial genetic variance. We

tested whether the rs9638616 GWAS variant was
associated with changes to intrinsic functional brain
networks, white matter tract microstructure and brain
morphology in an Asian cohort of PD patients and
controls. We hypothesized that rs9638616 would cor-
relate with voxelwise brain imaging measures, and
that brain phenotypes would mediate the association
of rs9638616 to cognitive and motor symptoms.

METHODS

Subjects

The study was approved by the Singapore Health
Services Centralised Institutional Review Board,
and was performed in accordance with the ethical
standards of the 1964 Declaration of Helsinki. All
individuals gave written, informed consent.

We recruited patients with early PD and healthy
controls for the Parkinson’s Disease Longitudinal
Study Singapore (PALS) prospective cohort study
between 2014 and 2020. The PD group was recruited
within one year of diagnosis and within two years
of the first motor symptom onset from two tertiary
hospitals. The PD group was diagnosed based on
the National Institute of Neurological Disorders and
Stroke (NINDS) diagnostic criteria [29]. Individuals
were excluded if their diagnosis was subsequently
changed, if they met the diagnostic criteria for demen-
tia, if they did not speak English or Mandarin, if they
had a history of stroke, active malignancy, end-organ
failure or major orthopedic abnormalities, if they had
other neurological and psychiatric conditions, or if
they did not have complete MRI, clinical and genomic
data. PD patients underwent regular follow-up for 5
years, with less-frequent follow-up still ongoing, and
were excluded from this analysis if their PD diagno-
sis was subsequently changed. Healthy controls were
recruited from the community and were free of signif-
icant neurological, psychiatric and systemic disease.
Controls were excluded if they had family history
of PD, dementia or other neurological diseases, or
if they were diagnosed with any neurological dis-
ease during the on-going study follow-up. For this
study we included only ethnically Chinese partici-
pants. Our study is powered for effects of a similar
size as comparable imaging-genetic studies on indi-
vidual PD risk variants and MRI derived phenotypes
(Supplementary Material 1).

We recorded clinical and neuropsychological data,
including the Hoehn & Yahr stage (clinical severity
scale) [30], the Movement Disorders Society Unified
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Parkinson’s Disease Rating Scale Part 3 (MDS-
UPDRS-III; as a measure of motor impairment) [31],
the Mini-Mental State Exam (MMSE) [32] and the
Montreal Cognitive Assessment (MoCA) [33] during
the same single visit as the MRI.

Genotyping

Genotyping was performed for 759,993 SNVs
using Infinium Global Screening Array 24 v2.0 (Illu-
mina, San Diego, CA), as described previously [5].
rs9638616 is located in chromosome 7 at position
70,750,493, with “G” as its major/reference allele
and “T” as the minor/effect/risk allele in the Asian
population [5].

MRI acquisition

We acquired MRI data on a 3T Siemens Skyra MRI
scanner (Siemens, Erlangen, Germany) equipped
with a 32-channel head coil and the Syngo MR
D13 software version, located at Singapore General
Hospital, between September 2014 and present. No
changes to the scanner software or hardware were
made during the course of the study. Each partic-
ipant’s MRI data were acquired in a single MRI
session. For PD patients undergoing treatment with
levodopa, MRI acquisitions were performed during
the “OFF” medication state.

A sagittal T1-weighted MPRAGE sequence
was acquired with the following parameters:
TE = 0.002 s, TR = 1.9 s, TI = 900 ms, FA = 9◦, in-
plane voxel size = 1 × 1 mm, slice thickness = 1 mm,
matrix = 256 × 256 × 256.

Multi-shell DTI was acquired with the following
parameters: TE = 0.102 s, TR = 10.118 s, FA = 90◦,
in-plane voxel size = 1.8 × 1.8 mm, slice thick-
ness = 2.5 mm, matrix = 112 × 112 × 55, anterior-
posterior phase encoding, 60 diffusion-weighted vol-
umes (30 at b = 1000 mm/s2 and 30 at 2000 mm/s2)
with each shell evenly distributed on the unit sphere
and 3 volumes with b = 0 mm/s2.

Resting-state fMRI data were acquired with
the following parameters: TE = 0.030 s, TR = 3.0 s,
FA = 90◦, in-plane voxel size = 2.127 × 2.127 mm,
slice thickness = 3.3 mm, matrix = 94 × 94 × 44,
interleaved slice acquisition order, 150 volumes,
scan time = 7 min 30 s. Subjects were instructed to
lie still with their eyes open fixated on a small cross
presented in front of them and to breathe normally.
Afterward, subjects confirmed that they did not fall
asleep.

fMRI processing, independent component
analysis, and dual regression

fMRI data were processed using FSL version 6.0.
The processing steps were: removal of first two
volumes to allow the signal to stabilize, motion
correction, removal of non-brain tissues, slice tim-
ing correction, spatial smoothing with a 5 mm
Gaussian kernel, high pass filtering with a 100-s
cut-off, and boundary-based registration to the high-
resolution T1-weighted image. Processed images
were inspected to confirm registration quality and
extent of motion (average slice-to-slice motion upper
threshold 0.5 mm). fMRI data were decomposed
using MELODIC independent component analy-
sis (ICA) [34] and independent spatial-temporal
components representing noise were automatically
classified and filtered from the data using the
machine-learning based tool, FIX (version 1.06.15;
“Standard” training data; retaining 20 components;
[35]). Cleaned fMRI data were registered to the
MNI152 standard brain [36].

We carried-out a group-level ICA to decompose
the cleaned fMRI data into spatial maps and time-
courses. Group-level ICA yielded 68 components,
of which we excluded 36 components for reflecting
less than 1% of total variance, and a further 12 for
reflecting a white matter, CSF, pulse or respiratory
signal, motion, or unstructured, diffuse appearance,
thus retaining 20 components.

Dual regression was performed to map the group-
level ICA components back onto individual subjects’
data [37]. First, multivariate spatial regression was
performed to estimate subject-specific time-courses
for each group-level ICA component. Then, subject-
specific spatial maps were estimated using the
subject-specific time-courses in a multivariate tem-
poral regression.

A general linear model was used to test for an
interaction effect of genotype × group on intrinsic
resting functional networks while controlling for age,
sex, and white matter hyperintensity burden, and
correcting for multiple comparisons across the num-
ber of voxels and the number of ICA components
(FSL PALM). This would show whether the impact
of genotype on intrinsic networks differed between
PD and HC groups. Threshold-free cluster enhance-
ment was used to define significant clusters for each
component. We excluded clusters comprising fewer
than 10 voxels (20 mm3). Using the same approach,
we investigated the network changes in relation to
genotypes in the combined groups again control-
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ling for age, gender, and white matter hyperintensity
burden.

DTI processing and tract-based spatial statistics

DTI data were pre-processed using MRTrix 3.0
with the following steps: denoising, removal of Gibbs
ringing artefact, motion and eddy current correction,
and bias field correction. The FA data were analyzed
using the TBSS (Tract-Based Spatial Statistics) vox-
elwise approach [38]. In short, the pre-processed FA
images were brain-extracted, and aligned to a com-
mon space using non-linear registration. The mean
FA image was created and thinned to create a mean
FA skeleton, representing the tract centers. Individual
subject FA data were projected onto the skeleton. FA
was chosen as a high-level, sensitive yet nonspecific
summary measure, closely correlated to other diffu-
sion metrics, suitable to detect nonspecific diffusion
changes in white matter and appropriate for this data-
driven exploratory analysis to identify potential areas
of interest.

Again, a general linear model was used to test
for an interaction effect of genotype × group on
tract FA while controlling for age, sex, and white
matter hyperintensity burden, and controlling for
multiple comparisons across voxels (FSL random-
ize). Threshold-free cluster enhancement was used
to define significant clusters. We investigated the
relationship between tract FA and genotype in both
groups combined, controlling for the same con-
founds.

Structural MRI voxel based morphometry

T1-weighted MRI data were analyzed using an
optimized voxel-based morphometry (VBM) proto-
col [39]. In short, images were brain-extracted and
segmented to retrieve the grey matter before non-
linearly registering them to the MNI 152 standard
brain. Then, the images were averaged and flipped
along the x-axis to form a symmetrical grey matter
template. All individual subject grey matter images
were non-linearly registered to the template and then
a modulation was applied to correct for local expan-
sion or contraction due to the non-linear part of the
spatial transformation. These were smoothed using a
3 mm isotropic Gaussian kernel.

Voxelwise general linear model was applied using
the same approach as above to first test the interaction
effect of genotype × group on grey matter volume
while controlling for age, sex, and white matter hyper-

intensity burden controlling for multiple comparisons
across voxels (FSL randomise), with threshold-free
cluster enhancement used to identify significant clus-
ters. We investigated the relationship between grey
matter volume and genotype in the combined groups,
controlling for the same confounds.

Association with cognitive and motor function

Mediation by brain phenotype on the relationship
between genotype and cognitive/motor symptoms
was tested using the PROCESS macro (version 4.2)
in SPSS. We used a bootstrapping procedure with
5,000 samples and applied MacKinnon’s criteria for
mediation [40]. We entered rs9638616 as the inde-
pendent variable, brain phenotype as mediator and,
for the dependent variable, we tested (a) the MDS-
UPDRS-III and (b) digit span (as a measure of short
term, working verbal memory). The MDS-UPDRS-
III and digit span were selected a priori from a wider
set of tests available for two reasons: (1) to minimize
multiple testing burden and avoid reducing sample
size due to missing data, and (2) according to spe-
cific rationale based on the imaging-genetic findings
from the previous analyses. The MDS-UPDRS-III
is specific to motor function, and has been shown
to associate with imaging changes in motor path-
ways in PD across a range of imaging modalities
[41–45]. The digit span test is a fast and widely
applied test of general memory performance, and is
associated with widespread imaging changes includ-
ing white matter diffusion [46–48]. Both dependent
variables were tested for all mediators. Brain pheno-
types were selected based on the significant volumes
we identified in our voxelwise analysis as follows:
a threshold for p ≤ 0.05 was applied to the p-value
map to generate a mask; this mask was used to isolate
the “significant” voxels from (a) the FA images and
(b) the network shape/amplitude map for the relevant
ICA component; the extracted mean from within each
mask was treated as the mediator in the mediation
analysis.

RESULTS

Sample characteristics

We included data from 116 early PD patients and
57 healthy controls (Table 1). The groups did not dif-
fer on key demographic variables. Overall, the PD
group represented mild, bilateral, early-stage disease.
The sample was of Chinese ethnic background and
included no immediate relatives. All PD patients were
undergoing treatment with either levodopa (68.4%) or
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Table 1
Subject demographics and key variables in the analysis. Data are reported as mean (standard deviation)

and the group differences were tested by two-tailed independent samples t-tests, except where
indicated by footnotes

Parkinson’s
disease
(n = 116)

Healthy
control
(n = 57)

Combined
(n = 173)

PD-control
group
difference, p

Age, 66.8 (9.0) 68.7 (7.4) 67.5 (8.7) 0.201
Sex, % femalea 45 (39%) 31 (54%) 76 (44%) 0.073
Disease duration, years between
diagnosis and MRI

1.25 (0.71) – – –

Age of first motor symptom
onset, y

61.21 (9.01) – – –

MMSE 28.10 (1.62) 28.60 (1.14) 28.17 (1.56) 0.511
MoCA 26.37 (2.50) 28.18 (1.17) 26.85 (2.35) 0.027
MDS-UPDRS-IIIb 18 (14–25) 2 (0–3) 14 (3–22) <0.001
H&Y stagea 0 = 0 (0%) – – –

1 = 24 (21%)
2 = 91 (78%)
3 = 1 (1%)

Digit span 6.84 (1.44) 7.00 (1.25) 6.90 (1.38) 0.468
rs9638616, % T allelea 31 (27%) 19 (33%) 50 (29%) 0.378
LEDD, mgc 267.77

(138.50)
– – –

MDS-UPDRS-III, Movement Disorders Society Unified Parkinson’s Disease Rating Scale Part 3 (Motor);
H&Y, Hoehn and Yahr; LEDD, Levodopa equivalent daily dose; MMSE, Mini-Mental State Exam; MoCA,
Montreal Cognitive Assessment. aFrequency (percent), group difference with Chi-square test. bMedian (inter-
quartile range), group difference with Mann-Whitney U test. cFor only the levodopa-medicated part of the PD
group.

Table 2
Significant clusters in the voxelwise analyses of rs9638616 for white matter tract microstructure and

resting-state fMRI networks

Clusters Volume (mm3) Peak t Peak p Peak MNI152
Coordinate (x,
y, z)

FA – rs9638616 (WBSCR17/GALNT17)

Widespread WM tracts 65,898 –1.75 0.042 0, 0, 14

Occipital lobe rsfMRI network – rs9638616 (WBSCR17/GALNT17)

Right SMA 50 –5.05 0.001 10, –8, 46

MNI152, Montreal Neurological Institute 152-average brain; SMA, supplementary motor area.

non-levodopa medications (69.6%). The LEDD for
the levodopa-medicated part of the PD group was
267.8 ± 138.5 mg. The non-levodopa medications
included dopamine agonists (35.2%), muscle relax-
ants (33.4%) and beta-blockers (0.9%). rs9638616
carriers and non-carriers did not significantly differ
in age, sex, disease duration, MMSE, MoCA, MDS-
UPDRS-III, digit span, H&Y stage, or the 3- and
5-year change in MDS-UPDRS-III and H&Y stage
(Supplementary Table 2).

Voxelwise imaging-genetic associations

We detected no rs9638616 × group interaction
effects for grey matter volume, white matter tract
microstructure or intrinsic brain network functional

connectivity, suggesting no group-specific imaging-
genetic associations. We also detected no significant
differences when comparing PD and control groups
(Supplementary Material 2). Thus, for the main anal-
yses, we proceeded using the combined PD and
control dataset.

In our analysis of white matter tract microstructure,
we detected significant negative association between
FA and rs9638616 (i.e., increased risk associated with
lower FA) in a widespread pattern distributed across
the entire brain, comprising a single large but rela-
tively small-effect contiguous cluster (peak t = –1.75;
peak p = 0.042; Table 2; Fig. 1A). The significant
cluster included tracts in the cerebellum, midbrain,
internal/external capsules, and deep white matter in
all lobes, and all were present bilaterally.
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Fig. 1. Significant clusters identified in voxelwise analyses. A) Structural MRI voxelwise analysis of white matter microstructure (fractional
anisotropy), testing the association to rs9638616, corrected for multiple comparisons across voxels. B) Resting-state functional MRI voxelwise
analysis, testing the association to rs9638616, corrected for multiple comparisons across voxels and independent components. Position of
each slice is given in MNI152 coordinates. All images are shown with the radiological right-left convention.

To better characterize the association of rs9638616
to FA within this large cluster, we performed post-
hoc extraction of absolute effect sizes within each of
48 tracts from the JHU ICBM-DTI-81 white mat-
ter labels [49] (Fig. 2). The largest effects were
found for the left and right external capsules (Cohen’s
d = 1.23 and d = 1.08, respectively), followed by
fornix (d = 1.04), and anterior limb of left inter-
nal capsule (d = 0.97), although the effects were not
strongly focused.

In our analysis of resting-state networks, we found
significant association between rs9638616 and func-
tional connectivity (Table 2). This was found for
the resting-state network belonging to the occipital
lobe (Fig. 1B). Specifically, rs9638616 was associ-
ated with decreased connectivity of a single cluster

in the right supplementary motor area (SMA) with the
resting-state network comprising the whole occipital
lobe (peak t = –5.05; peak p = 0.001).

We detected no significant associations of
rs9638616 with grey matter volume.

Brain phenotype mediates the relationship
between rs9638616 and PD symptoms

First, the individual associations shown in Fig. 3
between the mediator and outcome can be interpreted
independently of the genotype or mediation effect,
to show the imaging-clinical association. The FA in
the identified WM clusters was significantly posi-
tively associated with digit span forward (� = 0.33,
p = 0.002), suggesting that higher FA (indicating in-
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Fig. 2. Breakdown of effect sizes (Cohen’s d) for each tract in the significant cluster representing association to white matter fractional
anisotropy. Tracts not shown had no data, i.e., did not overlap with the significant cluster.

tact WM) related to longer digits spans (indicating
better working memory performance). The functional
connectivity of the SMA in the occipital network
was marginally non-significantly associated with the
MDS-UPDRS-III (� = –0.29, p = 0.056), in a negative
association where reduced functional connectivity
(poorer synchronicity of the SMA with the rest of the
network) related to higher MDS-UPDRS-III scores
(indicating more severe motor impairments).

The effect of rs9638616 genotype on digit span
was mediated by the FA in the significant white mat-
ter clusters from our voxelwise tract WM analysis
(Fig. 3A). The direct effect of genotype on digit
span was non-significant (� = 0.13, p = 0.577). The
indirect effect, determined by a bootstrapping proce-
dure using 5,000 samples, was significant (� = –0.21,
95%CI = [–0.42,–0.05], p = 0.031).

Finally, the effect of rs9638616 genotype on
MDS-UPDRS-III was mediated by the functional
connectivity of the SMA with the occipital resting-
state network (Fig. 3B). The direct effect of
genotype on MDS-UPDRS-III was non-significant

(� = 0.05, p = 0.790). The indirect effect was signifi-
cant (� = 0.15, 95%CI = [0.04,0.26], p = 0.045).

Mediation analyses of MDS-UPDRS-III for white
matter FA and digit span for SMA connectivity were
non-significant for an indirect effect.

DISCUSSION

Characterizing the effects of PD genetic risk on the
brain is a current research priority [2]. We focused
on Asian PD, analyzing association of the synaptic
transmission-related PD GWAS SNV, rs9638616, to
brain phenotypes in our Asian cohort of early PD
patients and controls. We identified brain phenotypes
significantly associated with rs9638616 in the com-
bined PD and control group, including widespread
reduced white matter FA and reduced connectiv-
ity of the SMA. These phenotypes mediated the
relationship of rs9638616 to cognitive and motor
functioning (digit span and MDS-UPRDS-III). While
these results were not PD-specific, they may provide
a clue to the pathophysiologic mechanism linking this
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Fig. 3. Results of the mediation analysis showing significant mediation of rs9638616 on clinical outcomes by brain phenotypes. All �
coefficients are standardized. SMA, supplementary motor area; MDS-UPDRS-III, Movement Disorders Society Unified PD Rating Scale
Motor Part III; WM, white matter.

variant to PD risk in a previous GWAS [5]. Relating
Asian PD genetic risk to brain imaging phenotypes
could, in future, help to stratify patients or to identify
individuals at-risk in an underrepresented popula-
tion. Practical clinical benefit of these findings could
be achieved in future, in combination with further
imaging-genetic studies linking PD risk variants to
putative pathophysiologic mechanisms, by forming
more advanced risk models and by improving our
understanding of disease mechanisms to yield new
treatment targets.

First, we identified significant imaging-genetic
associations between rs9638616 and two types
of voxelwise brain imaging measure. Specifically,
rs9638616 was associated with a widespread pattern
of lower white matter tract FA as well as reduced func-
tional connectivity of the SMA. Both reduced white
matter FA [50] and reduced connectivity of the SMA
[14] have previously been noted in studies of PD.
The distribution of white matter changes appears to
be concordant with data showing brain-wide expres-
sion of WBSCR17/GALNT17 (GTEx v8), rather
than preferential expression in PD-associated regions
such as the dopaminergic pathway. Functional con-
nectivity changes may be secondary to white matter
diffusion changes [51]. The detected functional con-
nectivity changes were specific to the SMA, despite
evidence of widespread white matter microstructure
changes, which suggests that such fMRI changes may

be masked by greater noise and that our analysis may
be underpowered to detect such effects.

These imaging-genetic associations were present
when combining PD and control groups, and did
not differ between groups, as shown by the non-
significant interaction effect for each of our three
voxelwise analyses. Instead of lessening the impor-
tance of our results, this suggests that our observed
significant findings may reflect susceptibility, rather
than subclinical PD pathological processes. Previous
imaging-genetic studies have also found associations
between PD risk variants and brain phenotypes in the
general European population (i.e., not in PD) [52,
53], and suggested that such imaging-genetic effects
might be related to PD susceptibility. In support of the
relevance of these findings to PD, we note that this
variant has only been identified in PD GWAS (and
no other GWASs), that we found significant media-
tion of the MDS-UPDRS-III, a PD-specific clinical
scale, and that our identified imaging phenotypes are
in agreement with previous PD studies. Nonetheless,
we acknowledge that our results are not PD-specific
and, as such, performed our follow-up analyses in
the combined group of PD and control participants.
Given this approach, it is possible that our imaging-
genetic associations could also be relevant for other
neurological diseases.

rs9638616 was not directly associated with
working memory or motor function in our data;
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however, when mediated by the significant brain
imaging measures we had identified, rs9638616
was significantly—but indirectly—associated with
these outcomes. This may support a causal chain
hypothesis in which neurodevelopmental effects
of rs9638616 confer downstream cognitive and/or
motor deficits. Association of tract FA and other
diffusivity changes with digit span [47, 54], and
SMA activation and connectivity with PD and MDS-
UPDRS-III [55, 56] score have previously been
reported. The “intermediate phenotype” concept is
frequently applied in psychiatric disorders, where the
use of measures of brain morphology and function
as intermediate phenotypes has enhanced studies of
complex polygenic disease susceptibility [57, 58].
In PD, this concept has been applied in a single
instance to identify genes and brain imaging phe-
notypes related to depression [27]. Our significant
mediation finding highlights mediation analysis as
a potentially important yet unexplored approach for
prioritizing future PD GWAS results [59]. MDS-
UPDRS-III and digit span were selected for this
analysis based on their association in the literature to
our observed voxelwise imaging phenotypes [41–48,
54–56].

rs9638616 increases PD risk in Asian [5], but not
European, populations [60]. As such, our findings
may be specific to the Asian population, which
recapitulates the need to account for ethnic variance
in studies of genetic risk. Indeed, in Europeans, no
associations of rs9638616 with white matter tract FA
are present, and associations with fMRI connectivity
changes are located solely in the frontal lobe (brain
imaging phenome-wide association analysis of the
UK Biobank; Supplementary Figure 1; n = 33,224;
https://open.win.ox.ac.uk/ukbiobank/big40/pheweb3
3k/variant/7:70750493-G-T) [61]. This may indicate
that the functional impact of rs9638616 differs
between these two populations, corroborating the
Asian-specificity of our imaging correlates for
rs9638616. Nevertheless, further studies are needed
in underrepresented PD populations to achieve
better equity in healthcare provision, and a better
understanding of the genetic basis for the disease.

Our study was limited in several ways. Our analysis
was underpowered for the association of rs9638616
and PD diagnosis because brain function and struc-
ture are regulated by multiple complex processes.
This may be reflected in our non-significant inter-
action effects. On the other hand, the association of
rs9638616 and brain imaging measures has not pre-
viously been investigated, and studies of similar or

smaller sample sizes have shown significant associa-
tions for SNVs with brain phenotype [16–18, 21–27].
Based on comparable imaging genetic studies of indi-
vidual risk variants and PD brain phenotypes, our
study is sufficiently powered for similar-sized effects
(Supplementary Material 1). Secondly, a wider range
of disease durations and severities in our sample
may have provided greater power to detect signif-
icant effects. While idiopathic PD has a heritable
genetic component, it is estimated at only 22%, with
the remainder being attributable to environmental
and epigenetic factors [1], which we could not fully
account for. Another limitation is the study popula-
tion. While rs9638616 was identified as an Asian PD
risk variant in a large sample (n > 31,000), rs9638616
had a higher frequency in controls than PD patients in
our data. However, our comparatively smaller sample
is less representative of the Asian PD population than
that of the GWAS study, and we have not made statis-
tical inferences based on the frequency of the SNV.
Our study was not powered for, and does not attempt
to test the comparative SNV frequencies between PD
and control groups.

The novel GWAS variant, rs9638616, which is
biologically linked to synaptic transmission, was
associated in our data with altered brain charac-
teristics which can be detected through imaging,
including reduction of white matter FA and changes
to functional connectivity of motor areas. This may
be caused by a regulatory effect of rs9638616
on WBSCR17/GALNT17, which affects neuronal
differentiation, axonal pathfinding, and synaptic sig-
naling. These effects were present only when PD
and healthy individuals were combined, and were
associated with reduced cognitive and motor func-
tioning, supporting their clinical relevance. These
results may provide pathophysiologic clues linking
the rs9638616 variant to PD risk and, with further
imaging-genetic studies, might be used in future to
improve PD stratification or identification of at-risk
individuals.
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